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Abstract 

A  new  bimetallic  nanostructured  Pt-Ru  material  is  synthesized  in  an  SBA-15  nanoreactor  and  compared  with  commercial  Pt-Ru  black 
(Johnson  Matthey).  Transmission  electron  microscopic  and  X-ray  diffraction  studies  of  the  synthesized  material  show  that,  as  with  a 
network  structure,  the  Pt-Ru  nanowires  are  interconnected  via  smaller  ones.  The  catalytic  activity  (measured  in  cyclic  voltammetry  (CV) 
experiments)  for  methanol  electro-oxidation  on  the  material  is  lower  than  that  for  commercial  Pt-Ru  black  at  potentials  below  550  mV 
versus  the  reversible  hydrogen  electrode.  By  contrast,  a  direct-methanol  fuel  cell  (DMFC)  in  which  the  nanostructured  material  is  used  as 
an  anode  material  shows  higher  performance  than  with  Pt-Ru  black,  because  the  network  structure  leads  to  an  effective  mass  transfer  in 
the  membrane-electrode  assembly. 
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1.  Introduction 

In  a  direct-methanol  fuel  cell  (DMFC),  high  surface  area 
Pt-Ru  blacks  have  generally  been  used  as  an  electrocatalyst 
[1-3].  Current  densities  in  the  fuel  cell  do  not,  however, 
scale  with  intrinsic  surface  areas  and  metal  loadings.  This 
problem  is  compounded  by  the  use  of  polymeric  binders 
for  incorporating  the  Pt-Ru  black  powders  into  the  de¬ 
sired  electrode  geometry  [4].  Because  this  hindrance  results 
mainly  from  the  ineffective  mass  transfer  and  diffusion  in  a 
thick  electrode  layer  that  has  numerous  interfaces  between 
randomly-shaped  fine  nanoparticles  and  polymeric  binders, 
a  three-dimensional  Pt-Ru  nanostructured  material  can  be 
used  as  a  new  electrocatalyst  for  enhancing  the  performance 
of  DMFCs. 

As  a  method  for  synthesizing  nanostructured  materials, 
replication  has  been  the  mainstay  for  moulding  novel  ma¬ 
terial  that  is  synthesized  with  various  lengths  and  shapes  in 
a  removable  template  [5-7].  For  example,  monometallic  Pt, 
Au  and  Ag  nanowires  [8-11]  and  Pt  nanowire  network  [12] 
synthesized  in  highly  ordered  SBA-15  silica  have  been  re¬ 
ported.  In  addition,  Ichikawa  and  co-workers  [13,14]  have 
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prepared  Pt-Rh  and  Pt-Pd  nanowires.  As  these  bimetallic 
structures  were  synthesized  in  FSM-16  or  HMM-1,  however, 
no  network  could  be  obtained.  In  this  study,  a  bimetallic 
Pt-Ru  nanowire  network  is  synthesized  in  a  SBA-15  tem¬ 
plate,  as  shown  in  Fig.  1,  and  its  application  as  a  novel  elec¬ 
trocatalyst  for  DMFC  is  examined. 


2.  Experimental 

SBA-15  silica  was  prepared  using  triblock  copolymer 
Pluronic  P123  (EO20PO70EO20.  BASF)  and  tetraethyl  or¬ 
thosilicate  (98%,  Aldrich)  according  to  the  procedure  de¬ 
scribed  elsewhere  [15].  In  a  typical  synthesis,  as  shown 
in  Fig.  1,  calcined  SBA-15  silica  was  immersed  in  an 
aqueous  EtOH-FbO  (1:1  (v/v))  solution  that  contained 
(NH3)4Pt(N03)2  and  (NH3)6RuC13  (Pt:Ru  =  3:1,  atomic 
ratio).  The  resulting  slurry  was  dried  in  a  rotary  evaporator 
and  the  procedure  was  repeated  10  times  for  the  content 
of  Pt  and  Ru  to  become  70wt.%  of  SBA-15.  After  drying 
the  sample  in  a  vacuum  oven  at  60  °C,  it  was  slurried  in 
CH2CI2  and  dried  at  room  temperature  to  introduce  the  Pt 
and  Ru  precursors  on  the  outer  surface  of  SBA-15  into  the 
silica  channels  [16].  A  careful  thermal  reduction  procedure 
is  required,  because  the  presence  of  FEO  in  a  SBA-15 
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SBA-15  template  nanoreactor  bimetallic  PtRu  nanowire  network 


Fig.  1 .  Schematic  of  Pt-Ru  nanowire  network  synthesized  with  a  SBA- 1 5  template  nanoreactor. 


template  increases  the  mobility  of  the  metal  precursors  in 
the  silica  channel  [17].  The  Pt  and  Ru  species  in  SBA-15 
was  reduced  by  a  hydrogen  flow  while  the  temperature  was 
increased  from  room  temperature  to  310°C  for  6h.  This 
temperature  was  maintained  for  2  h,  and  then  the  hydrogen 
was  evacuated  at  310  °C  for  30  min.  Furthermore,  during 
the  heating  stage,  the  temperature  was  maintained  at  100  °C 
for  1  h.  The  silica  framework  of  the  sample  was  dissolved 
completely  with  5%  hydrofluoric  acid.  The  resulting  Pt-Ru 
was  filtered,  washed  and  dried  in  a  vacuum  oven  at  room 
temperature.  The  sample  synthesized  by  this  procedure  is 
abbreviated  as  Pt-Ru-NW. 

Surface  areas  were  measured  by  the  N2-BET  method  us¬ 
ing  a  Micromeritics  ASAP2010  instrument.  X-ray  powder 
diffraction  patterns  of  the  prepared  sample  were  recorded  in 
the  small  and  wide  26  range  by  means  of  a  X-ray  diffrac¬ 
tometer  (Rigaku  D/MAX-III).  Transmission  electron  mi¬ 
croscopy  (TEM)  was  performed  on  a  Philips  CM20  instru¬ 
ment  with  an  accelerating  voltage  of  150  kV.  Fourier  trans¬ 
formed  infrared  (FTIR)  spectra  of  CO  adsorbed  on  the  pel¬ 
letized  samples  were  obtained  with  a  Nicolet  magna  560 
instrument. 

Cyclic  voltammetry  (CV)  was  conducted  to  elucidate  the 
adsorption  properties  of  the  samples.  In  order  to  prepare  the 
modified  thin-film  electrode,  nanowires  were  dispersed  ul- 
trasonically  in  water  at  a  concentration  of  4  mg  m  I  "  1  and  a 
20  p.1  aliquot  was  transferred  on  to  a  polished  glassy-carbon 
substrate.  After  evaporation  of  water,  the  resulting  thin 
catalyst  film  was  covered  with  5  wt.%  Nafion  solution  and 
used  as  a  working  electrode.  Electrochemical  measure¬ 
ments  were  performed  at  room  temperature  in  1  M  HCIO4, 
which  had  been  purged  with  argon  for  at  least  30  min.  The 
scan  rate  was  15mVs-1.  The  reference  electrode  was  a 
Ag/AgCl  electrode,  and  the  counter  electrode  was  a  long 
platinum  wire.  Stripping  CVs  of  chemisorbed  CO  were  also 
obtained  after  elimination  of  the  CO  in  electrolyte  solution 
by  argon  bubbling  under  potential  control.  The  CO  was  ad¬ 
sorbed  for  10  min  at  a  constant  electrode  potential  of  0.1  V. 
Methanol  electro-oxidation  in  1  M  HCIO4/2  M  methanol 
was  performed  potentiostatically. 

DMFC  current-voltage  curves  were  obtained  using  Pt-Ru 
nanostructured  materials  as  the  anode  catalyst  and  Pt  black 


(Johnson  Matthey,  Hispec  1000)  as  the  cathode  catalyst. 
The  loadings  of  both  the  anode  and  cathode  catalysts  were 
approximately  5  mg  cm-2.  The  membrane  electrode  assem¬ 
blies  (MEAs)  were  prepared  by  painting  the  ink-like  cata¬ 
lyst  slurry  on  to  a  carbon  diffusion  layer  and  hot-pressing 
Nafion  1 17  membrane  placed  between  anode  and  cathode  at 
120  °C  for  2  min.  Two  molar  methanol  (2  cornin'  l,  Opsig) 
and  oxygen  (500  ml  miiT  1 ,  0  psig)  were  delivered  to  the  an¬ 
ode  and  cathode  compartment,  respectively. 

3.  Results  and  discussion 

3.1.  Characterization  of  Pt-Ru  nanowire  network 

As  shown  in  Fig.  2(a),  the  prepared  silica  template  gives 
an  XRD  pattern  of  a  highly  ordered  SBA-15  sample  with  a 
hexagonal  structure.  As  shown  in  Fig.  2(b),  the  mesoscopic 
ordering  of  SBA-15  is  maintained  after  FP  reduction  of 
(NH3)4Pt(N03)2  and  (NF^gRuC^  inside  the  SBA-15  struc¬ 
ture,  as  indicated  by  the  low-angle  peaks  of  (100),  (1  10) 
and  (2  00)  reflections.  No  significant  structural  changes  ap¬ 
pear  in  the  silica  templates  after  metal  loading,  except  for 


29  /  degree 


Fig.  2.  X-ray  diffraction  patterns  of:  (a)  SBA-15;  (b)  Pt-Ru-NW/SBA- 1 5 
composite  and  (c)  Pt-Ru-NW  obtained  after  removing  SBA-15  from 
Pt-Ru-NW/SBA- 15. 
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a  decrease  in  peak  intensity.  By  contrast,  the  XRD  pattern 
of  Pt-Ru-NW  (Fig.  1(c))  only  shows  the  (100)  reflection 
because  this  material  does  not  fill  the  entire  pore  volume  of 
the  SBA-15  and  the  as-synthesized  Pt-Ru-NW  is  not  suf¬ 
ficiently  long  to  show  the  whole  negatives  of  the  template. 
The  length  of  nanowires,  which  are  interconnected  with  each 
other,  can  be  controlled  by  the  amount  of  metal  loading. 

Images  taken  with  transmission  electron  microscopy 
show  that  the  length  of  the  nanowires  varies  from  70  to 
200  nm  (Fig.  3(a)).  Although  the  samples  for  the  TEM  im¬ 
ages  were  prepared  after  sonicating  a  small  amount  of  the 
material  in  ethanol,  the  nanowires  are  not  scattered.  Other 
high-resolution  TEM  images  taken  with  the  incident  elec¬ 
tron  beam  perpendicular  and  parallel  to  the  length  direction 
are  presented  in  Fig.  3(b)  and  (c),  respectively.  Bridges  are 
observed  between  nanowires  of  7-8  nm  in  diameter.  The 
direction  of  the  lattice  fringe  of  the  nanowires,  as  shown  by 
arrows  in  Fig.  3(b),  is  the  same  as  that  of  bridges.  There¬ 
fore,  the  XRD  data  and  TEM  images  imply  that  Pt-Ru-NW 
should  have  a  Pt-Ru  nanowire  network  structure  (v.i.). 

Nanostructured  platinum,  denoted  as  Pt-NW,  was  pre¬ 
pared  in  the  same  manner  as  Pt-Ru-NW.  The  high-angle 
diffraction  peaks  of  Pt-Ru-NW  and  Pt-NW  are  shown  in 
Fig.  4(a)  and  (b),  respectively.  The  lattice  parameters  of 
Pt-Ru-NW  and  Pt-NW  are  calculated  to  be  3.9166  and 
3.9204  A,  respectively.  The  available  literature  [18],  which 
reports  values  for  the  composition  in  atomic  percentage  and 
lattice  parameters  of  Pt-Ru  alloy  specimens,  shows  that  the 
lattice  parameter  of  Pt-Ru  alloy  with  90.3  at.%  Pt  is  3.9166. 
Considering  that  the  at.%  of  platinum  of  Pt-Ru-NW  is  8 1 . 1 , 
which  is  confirmed  by  an  ICP  result,  46%  of  the  total  Ru 
atoms  are  alloyed  with  Pt  and  the  remaining  Ru  atoms  are 
present  as  a  hexagonal  close-packed  phase.  Therefore,  the 
XRD  pattern  for  Pt-Ru-NW  shows  a  single  fee  phase  and 
small  detectable  amounts  of  any  other  crystalline  phases 
such  as  hexagonal  close-packed  Ru,  which  is  indicated  by  a 
circle.  Because  Pt  is  a  well-known  catalyst  for  hydrogenation 
reactions  [19],  it  is  suggested  that  in  the  reduction  procedure 
Ru  adatoms  are  evenly  deposited  on  Pt  by  using  the  reaction 
between  the  small  Pt  agglomerates  and  (NfpjfjRuCp  in  the 
SBA-15  nanoreactor.  This  suggests  that  the  as-synthesized 
Pt-Ru-NW  is  a  well-defined  Pt-Ru  bimetallic  nanowire  net¬ 
work,  and  that  a  Pt-Ru  alloy  phase  can  be  prepared  at  a  low 
reduction  temperature. 

The  binding  energy  of  the  Pt  4f7/2  peak  and  the  Ru  3ds/2 
peak  of  Pt-Ru-NW  is  71.1  and  280.2  eV,  respectively.  If 
any  electron  transfer  occurs  in  the  Pt-Ru  alloy  phase,  the 
binding  energy  of  the  platinum  in  Pt-Ru-NW  is  expected 
to  be  shifted.  The  observed  shift  (—0.1  eV)  is,  however,  in¬ 
sufficient  to  assess  the  electron  transfer.  The  FTIR  spectra 
of  CO  adsorbed  on  Pt-Ru-NW  and  Pt-NW  are  shown  in 
Fig.  5(a)  and  (b),  respectively.  The  linear  CO  stretching  vi¬ 
bration  of  Pt-Ru-NW  appears  at  2074  cm-1,  while  that  of 
Pt-NW  appears  at  2092  cm- 1 .  The  shift  in  the  CO  stretch¬ 
ing  band  of  the  Pt-Ru-NW  is  attributed  to  electron  transfer 
from  Ru  to  Pt  in  the  Pt-Ru  alloy,  which  can  be  explained 


Fig.  3.  Bright  field:  (a)  TEM  image  of  Pt-Ru-NW  and  HRTEM  images 
taken  with  incident  electron  beam;  (b)  perpendicular  and  (c)  parallel  to 
the  length  direction.  A  selected  area  of  the  electron  diffraction  pattern  of 
Pt-Ru-NW  is  shown  in  inset  of  (b). 
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Fig.  4.  X-ray  diffraction  patterns  of:  (a)  Pt-Ru-NW  and  (b)  Pt-NW  at 
high  diffraction  angle.  Small  sharp  lines  except  for  fee  peaks  are  from 
Si  standard. 

in  terms  of  back  donation  of  electrons  from  the  Pt  d-bands 
into  the  2tt*  molecular  orbital  of  the  adsorbed  CO.  This  re¬ 
sult  agrees  with  the  finding  of  Goodenough  et  al.  [20].  By 
contrast,  McBreen  and  Mukerjee  [21]  used  X-ray  absorp¬ 
tion  spectroscopy  to  show  that  Pt  alloyed  with  Ru  causes  an 
increase  in  the  number  of  Pt  d-band  vacancies. 

3.2.  Electrochemical  studies 

CO  stripping  experiments  for  evaluating  the  amount  of 
adsorbed  CO  were  performed  to  measure  the  electrochem- 
ically  active  area.  Typical  CVs  for  CO  oxidation  are  in 
Fig.  6.  Due  to  the  strong  adsorption  of  CO  on  the  Pt  sur¬ 
face,  hydrogen  adsorption-desoption  on  Pt  is  completely 
blocked  in  the  hydrogen  region;  this  indicates  the  presence 
of  a  saturated  CO  adlayer.  The  electrochemical  surface  area 
was  measured  by  CO  stripping,  assuming  an  adsorption 
charge  of  420  pG  cm-2  Pt  for  a  CO  monolayer.  The  val¬ 
ues  for  Pt-Ru-NW  and  a  commercial  Pt-Ru  black  (Johnson 
Matthey,  Hispec  6000)  are  1 .27  and  2. 1  cm2  Pt/cm2  thin-film 
electrode,  respectively.  Considering  the  BET  surface  area  of 
the  commercial  Pt-Ru  black  is  1.5  times  higher  than  that 
of  Pt-Ru-NW,  nanopores  between  Pt-Ru  nanowires  and  an 
enriched  Pt  surface  of  Pt-Ru-NW  may  result  in  the  increase 
in  the  electrochemical  surface  area  of  this  material. 


Fig.  5.  FTIR  spectra  of  CO  adsorbed  on:  (a)  Pt-Ru-NW  and  (b)  Pt-NW. 


W  Electrode  potential,  V/RHE 


(b)  Electrode  potential,  V/RHE 


Fig.  6.  Steady-state  cyclic  voltammograms  of:  (a)  Pt-Ru-NW  and  (b) 
commercial  Pt-Ru  black  electrode  for  oxidation  of  monolayer-adsorbed 
carbon  monoxide  at  15mVs-1  scan  rate. 

Since  COads  is  postulated  to  be  an  intermediate  in 
methanol  electro-oxidation  on  Pt  surfaces  and  to  decrease 
the  number  of  active  sites  [22],  oxidizing  the  CO  adsorbed 
on  Pt  to  CO2  is  important  in  enhancing  the  electrocatalytic 
activity  of  Pt.  The  electrocatalytic  activities  for  the  methanol 
electro-oxidation  (Eq.  (1))  of  Pt-Ru-NW  and  commercial 
Pt-Ru  black  (Pt/Ru  =  1,  Johnson  Matthey),  are  shown  in 
Fig.  6(a). 

CH3OH  +  H20  — >  C02  +  6H+  +  6e“  (1) 

At  low  potentials,  rate-limiting  step  of  this  reaction  involves 
the  formation  of  oxidatively  adsorbed  water  for  the  oxida¬ 
tion  of  COads  and  a  Pt:Ru  ratio  of  near  unity  should  be 
optimal  [23,24].  At  high  potentials,  however,  where  oxida¬ 
tive  adsorption  of  water  is  facile,  a  surface  Pt:Ru  ratio  of 
greater  than  unity  is  advantageous  to  methanol  chemisorp¬ 
tion  [25,26].  As  shown  in  Fig.  7(a),  the  commercial  Pt-Ru 
black  (Pt/Ru  =  1)  shows  a  slightly  higher  activity  than 
the  as-synthesized  Pt-Ru-NW  (Pt/Ru  =  4.3)  at  low  poten¬ 
tials  ( E  <  0.55  V).  On  the  other  hand,  Pt-Ru-NW  becomes 
more  active  than  commercial  Pt-Ru  black  at  higher  poten¬ 
tials  (E  >  0.55  V),  but  this  potential  region  is  not  applicable 
to  DMFC  operation,  for  which  the  anode  potential  is  less 
than  0.6  V. 

Although  Pt-Ru-NW  does  not  show  higher  activity 
at  a  potential  less  than  0.55  V,  as  shown  in  Fig.  7(a),  it 
gives  a  higher  DMFC  performance  than  the  commercial 
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Fig.  7.  (a)  Cyclic  voltammograms  on  methanol  electro-oxidation  and 
(b)  DMFC  current  density-voltage  curves  at  40  °C  (circles)  and  80  °C 
(squares)  that  compare  the  performance  of  Pt-Ru-NW  (connected  data 
point)  with  that  of  Johnson  Matthey  commercial  Pt-Ru  black  (unconnected 
data  point)  in  a  single-cell  test  (catalyst  loading:  5  mg  cm-2). 

Pt-Ru  black  catalyst,  as  shown  in  Fig.  7(b).  Many  results 
have  been  reported  for  improving  the  activity  of  methanol 
electro-oxidation,  and  bimetallic  Pt-Ru  is  known  to  be  a 
good  catalyst  system.  This  behaviour  has  been  explained  in 
terms  of  a  bifunctional  mechanism  and  an  electronic  effect 
[27-31].  While  these  two  models  are  mainly  considered  for 
thin-film  electrodes  in  half  cell  experiments  with  a  negli¬ 
gible  mass  transfer  effect,  the  relative  anode  performance 
of  a  MEA  depends  strongly  on  the  mass  transport  of  reac¬ 
tants  and  products,  as  well  as  on  the  electrical  conductivity 
of  the  catalyst  layer  and  the  spillover  of  protons  [2,32]. 
Consequently,  as  mentioned  in  the  introduction  above,  the 
current  density  of  thin-film  electrodes  does  not  appear  in 
a  MEA.  Compared  with  a  Pt-Ru  black  with  uncontrolled 
morphology,  the  application  of  a  three-dimensional  Pt-Ru 
nanowire  network  as  electrode  material  has  some  advan¬ 
tages;  namely,  it  reduces  the  number  of  interfaces  that  result 
from  mixing  the  electrocatalyst  and  binders,  and  it  uses 
its  mesopores  for  the  effective  mass-transport/diffusion  of 
reactants  and  products.  Increasing  the  content  of  the  PTFE 
or  Nafion  binder  in  the  anode  renders  the  morphology  more 
favourable  for  the  efficient  CO2  path  [33]. 

On  the  other  hand,  the  low  electrical  conductivity  of 
binders  and  the  resulting  thick  electrode  decrease  the  per¬ 
formance  of  DMFCs.  Therefore,  it  is  more  desirable  to 


prepare  an  electrode  with  effective  morphology  without 
increasing  the  binder  content.  Synthesis  of  a  mesoporous 
electrocatalyst  can  be  a  good  way  to  do  this. 

4.  Conclusions 

Optimizing  the  structure  of  an  electrode  layer  for  ef¬ 
fective  mass  transfer  and  high  electrocatalytic  activity  is 
crucial  for  enhancing  the  performance  of  fuel  cells,  as  well 
as  for  reducing  the  amount  of  expensive  electrocatalyst. 
Such  control  can  be  achieved  by  synthesizing  a  nanos- 
tructured  electrocatalyst.  To  demonstrate  this  concept,  a 
bimetallic  Pt-Ru  nanowire  network  has  been  synthesized. 
This  employs  a  catalytic  reaction  between  surface  platinum 
and  a  ruthenium-ammine  compound  in  a  SBA-15  template 
nanoreactor.  The  resulting  Pt-Ru-NW  nanowire  network 
when  used  as  an  anode  material  improves  the  performance 
of  a  DMFC  significantly.  Furthermore,  by  using  silica  tem¬ 
plates  with  various  wall  thicknesses  and  pore  diameters 
[34],  the  structure  of  the  nanowire  network  can  be  controlled 
in  order  to  find  the  most  efficient  electrode  material. 
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